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its association with different patient origins as well as M. tuberculosis genotypes. We also investigated how the pncA genotype correlated with the results from the phenotypic PZA susceptibility testing. An abstract from the 1 st AASM Congress based on parts of this study has previously been published in The International Journal of Mycobacteriology. [8] 
MaterIals and Methods

Mycobacterium tuberculosis isolates
A total of 153 clinical MDR-TB isolates from the national strain collection at the Public Health Agency of Sweden, representing all new Swedish cases of MDR-TB registered at the Public Health Agency of Sweden between January 2003 and December 2015, were analyzed in this study. The first isolate from each patient was used in all but one case (SEA200700283; the second sample was isolated 2 months after the initial one) and two of the strains were isolated from the same patient, but belonged to different genotypes, and were therefore classified as two different cases (SEA200700170 and SEA200700300).
Spoligotyping was performed as previously described and used to categorize the isolates according to their different genotypes. [9] Genotypes were assigned through SITVIT WEB. [10] Pyrazinamide susceptibility testing Data on drug susceptibility was compiled from the phenotypic DSTs performed at the Public Health Agency of Sweden or at one of the five regional clinical TB laboratories in Sweden. During the initial part of the study period, between 2003 and 2008, the phenotypic DST was performed with the Bactec 460TB system and since 2009 with the Bactec MGIT 960 system according to the standard protocol provided by the manufacturer (Becton Dickinson Biosciences, Sparks, MD, USA). Statistical analysis was performed with VassarStats (http://www.vassarstats.net/clin1.html).
Sequencing of the pncA gene
Sequencing of the pncA gene was performed to detect mutations related to PZA resistance and according to our earlier described protocol. [11] Briefly, the 561 base pair long pncA gene was amplified together with approximately 200 nucleotides up and downstream of the gene using the pncA_F3 (AAGGCCGCGATGACACCTCT) and pncA_R4 (GTGTCGTAGAAGCGGCCGAT) as primers. ExoSAP-IT (Affymetrix, USA) was used to purify the polymerase chain reaction products, and the sequencing reactions were performed with the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, USA) together with the pncA_F3, pncA_R4, pncA_P3-F (ATCAGCGACTACCTGGCCGA), and pncA_P4-R (GATTGCCGACGTGTCCAGAC) primers, respectively. The sequencing reactions were purified with the BigDye Xterminator Purification Kit (Applied Biosystems, USA), and the sequencing data obtained from the 3500xL Genetic Analyzer (Applied Biosystems, USA) was analyzed with the CLC Main Workbench software (Qiagen, Hilden, Germany) using the pncA sequence from H37Rv ATCC 25618 as reference. Whole genome sequencing (WGS) was used to further investigate the samples for which we did not obtain any Sanger data. Shortly, DNA extracted with the column-based QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) was sequenced on the IonTorrent PGM platform (Thermo Fisher Scientific Inc., Waltham, MA, USA) according to the manufacturer's instructions. The obtained sequence reads were later mapped against the M. tuberculosis H37Rv reference genome (GenBank accession no. NC_000962.3) in CLC Genomics Workbench 8 (Qiagen, Hilden, Germany).
Pyrazinamidase test
A modified Wayne's test was performed on strains with discordant phenotypic and genotypic results. [12] In short, one loop of the bacterial cells, resuspended in 200 µl of phosphate-buffered saline (PBS), was used to inoculate the surface of a Middlebrook 7H9 agar medium tube containing PZA (400 mg/l). The tubes were incubated at 37°C, and 7 days later, 1 ml of fresh 1% ferrous ammonium sulfate (Sigma-Aldrich, Germany) was added to each tube. The samples were left in room temperature for 30 min and checked for the appearance of a pink band in the subsurface agar (indicating the presence of an active PZase). Negative tubes were subsequently incubated at 4°C overnight for the confirmation of the previous result. The PZA susceptible H37Rv ATCC 25618 was included as a PZase-positive control, and a clinical Mycobacterium bovis isolate (SEA12261) was used as a PZase-negative control. A medium control, to which PBS without bacteria was added, was included in the test to exclude false positive results.
results
Phenotypic testing of pyrazinamide resistance in Swedish multidrug-resistant strains
The phenotypic testing for PZA resistance revealed that 88 of the 153 Swedish MDR-TB strains (58%) isolated between January 2003 and December 2015 were PZA resistant [ Figure 1a and b]. Among the MDR strains of Beijing genotype, a higher prevalence of PZA resistance was seen corresponding to 37 resistant samples among the 53 Beijing strains (70%). Among the other major genotypes, T (n = 35) and CAS (n = 21), the prevalence was determined to 63% and 33%, respectively, and among all, non-Beijing genotypes (n = 100) the prevalence of PZA resistance was 51%.
The WHO Eastern Mediterranean Region was the most prevalent WHO region of origin, representing 41% (n = 62) of the MDR cases detected in Sweden between 2003 and 2015 [ Table 1 ]. Among the different WHO regions, excluding the WHO Region of the Americas and the WHO South-East Asia Region which only contributed with one MDR case each, the prevalence of PZA resistance varied between 53% and 63% [ Table 1 ]. The highest prevalence (63%) was found in patients with their origin in the WHO African Region. Overall, patients from a total of 39 countries are represented in our study.
pncA genotypes in Swedish multidrug-resistant strains
Sequencing of the pncA gene was performed to identify polymorphisms within the gene or its putative promoter. Sanger sequences were obtained for 151 isolates, and WGS was performed on the remaining two samples to get a complete set of pncA genotypes. The results showed that 98% (n = 86) of the strains classified as PZA resistant by our phenotypic test also had a nonsynonymous mutation within the pncA gene or its putative promoter. Conversely, 69% of the PZA susceptible strains (n = 45) had a wild-type nucleotide sequence in the pncA gene [ Table 2 ]. The silent mutation Ser65Ser (C195T) was found to be the only nucleotide variation in 17% (n = 11) of the PZA susceptible strains, whereas 14% (n = 9) carried a nonsynonymous mutation in the pncA gene [ Table 3 ]. Although classified as susceptible, two of these isolates did grow in the MGIT tube, indicating an increased minimum inhibitory concentration (MIC) and an "intermediate" resistance, but they were still below the level to be classified as resistant (typically, the PZA susceptible strains presented zero growth [Growth Units = 0] in the PZA tube at the time of reading the result). In two of the PZA susceptible strains carrying a nonsynonymous mutation, we found the silent mutation Ser65Ser in addition to the nonsynonymous mutation (Ser65Ser + Trp119Cys for SEA200600467 and Ser65Ser + His82Asp for SEA201300156). Moreover, none of the PZA-resistant strains harbored this silent mutation only, and spoligotyping confirmed that all strains with the Ser65Ser mutation belonged to the CAS family.
The sensitivity and specificity of nonsynonymous pncA mutations for the detection of PZA resistance were found to be 98% (95% confidence interval [CI]: 91.3-99.6) and 86% (95% CI: 74.8-93.1), respectively, when using the phenotypic testing as reference method [ Table 2 ]. Similarly, the positive and negative predictive values were determined to 91% (95% CI: 82.3-95.3) and 97% (95% CI: 87.0-99.4).
The sequencing results also indicated the presence of heteroresistance, i.e., the presence of both susceptible and 
All isolates with discordant results were retested in the MGIT 960 system, b Close to a resistant phenotype, c Double peak in nucleotide position 425, d Double peak in nucleotide position 545. PZase: Enzyme pyrazinamidase, R: Resistant, S: Susceptible resistant bacteria within the population, in at least two of the samples, [13] SEA200300144 and SEA201000097. Both these strains were PZA resistant in the MGIT tests while the pncA sequences were interpreted as wild type by the sequencing analysis software [ Table 3 ]. A manual investigation of the chromatograms did, however, reveal the presence of smaller nonwild-type peaks in both samples (nucleotide position 425 in SEA200300144 and nucleotide position 545 in SEA201000097).
In total, more than 60 different nonsynonymous pncA mutations (including point mutations, insertions, and deletions) were identified in this study and four of them were found to be located upstream of the pncA start codon (A-11G, T-7, A-4T, and a deletion from nucleotide-1 to nucleotide 14). In addition, we identified more complex variations in three isolates (SEA201400002, SEA201400248, and SEA201500560) and for two of those, SEA201400002 and SEA201400248, WGS was needed to obtain the pncA genotype. In detail, WGS results revealed a complete deletion of pncA in SEA201400002 and a deletion from nucleotide-1 to nucleotide 14 in combination with the point mutation A-4T in SEA201400248.
The most common nonsynonymous mutation, A-11G, was found in 7 isolates, whereas 53 (79%) of the nonsynonymous mutations were only seen once in our material. A part of the material has been included in a previous study, and to the best of our knowledge, most nonsynonymous mutations have been described earlier. [14] A complete list of the mutations is presented in Supplementary Table 1 .
Enzymatic testing of strains with discordant phenotypic and genotypic results
To further characterize the eleven strains with discordant phenotypic and genotypic results, a modified Wayne's test was performed [ Table 3 ]. [12] Of the two strains harboring a wild-type pncA gene while still being phenotypically resistant to PZA, the Waynes's test supported the MGIT result in one case and the sequencing result in the other. Conversely, six out of nine PZA susceptible strains carrying a nonsynonymous mutation in the pncA gene were negative in the PZase test, indicating the absence of an active PZase, and in turn, PZA resistance. Among the three remaining samples (pncA mut / PZA susceptible) with a positive PZase test, we found SEA201200211 an isolate harboring the Thr47Ala mutation reported as a nonresistance conferring mutation. [15] [16] [17] The PZase test performed on this strain resulted in a weak pink band in the subsurface agar, indicating the presence of an at least partially active PZase.
dIscussIon
The DST results obtained in this study showed that 58% of the Swedish MDR-TB strains isolated between 2003 and 2015 were PZA resistant. This is in line with results from similar studies performed in other settings where the prevalence of PZA resistance among MDR strains typically has been in the interval of 40%-60%, [18] [19] [20] [21] and in a meta-analysis published in 2011, the median prevalence of PZA resistance in culture isolates was determined to 51%. [22] Not surprisingly though, both higher and lower figures have been published, [23, 24] and the level of PZA resistance clearly varies between different geographical settings, a finding which presumably depends on the usage and handling of PZA in the different areas (different DST methodologies might also contribute to the discrepancies).
During the studied 13-year period, we have witnessed an increased number of PZA-resistant MDR-TB cases in Sweden, and the prevalence of PZA resistance among the MDR-TB strains does also seem to increase [ Figure 1b ]. This suggests a general increase of PZA resistance, at least in areas where these patients have their origin. The highest prevalence of PZA resistance was as previously mentioned found in patients originating from the WHO African Region; however, only three of the strains isolated from these patients belonged to the Beijing genotype (the major genotype with the highest prevalence of PZA resistance in our study).
Moreover, the present study serves as an evaluation of the PZA algorithm used at the reference laboratory at the Public Health Agency of Sweden. Clinical MDR and extensively drug-resistant strains from the regional TB laboratories in Sweden are routinely tested for PZA resistance in the Bactec MGIT 960 system and submitted to pncA sequencing. If discordant results are obtained, the MGIT test is repeated, and a PZase test is considered.
Overall, the present study confirms the strong correlation between phenotypic PZA resistance and mutations in the pncA gene already reported; [22] 98% of the PZA-resistant strains had a nonwild-type pncA gene whereas 69% of the PZA susceptible strains carried a wild-type pncA gene, a figure which increases to 86% if the silent mutation Ser65Ser is included in this group. 14% (n = 9) of the PZA susceptible strains harbored a nonsynonymous pncA mutation, and this is fairly coherent with the numbers presented in other, comparable studies. [21] Even though we use three different methods to test for PZA resistance, data can still be hard to interpret and the clinical relevance of the results shown in Table 3 might not be very clear. Among the PZA-resistant strains, two were classified as pncA wt , and these results suggest the presence of an alternative resistance mechanism independent of pncA or the presence of a heterogeneous population. In line with the latter hypothesis, we were able to detect additional peaks below the wild-type nucleotide peak in the sequencing chromatogram for both these strains (SEA200300144 and SEA201000097), clearly indicating the presence of a mixed population (pncA wt and pncA mut ).
Regarding the nine PZA susceptible strains carrying a nonsynonymous pncA mutation, three were classified as susceptible by the PZase test. SEA201200211 harbored the Thr47Ala mutation known to not confer full PZA resistance, [15] [16] [17] while Ala102Val was found in both SEA201400128 and SEA201500032. Ala102Val has previously been reported as a mutation not being associated with PZA resistance and that conclusion is coherent with the phenotypic susceptibility and the positive enzymatic test reported here. [14] The remaining six PZA susceptible strains with nonsynonymous pncA mutations were all negative in the PZase test and two of these, SEA200700070 and SEA201300156, did actually grow in the presence of PZA in the MGIT system, but below the level to be classified as resistant. The other four strains (SEA200600467, SEA200800022, SEA200900184, and SEA201400384) did not grow at all in the presence of PZA, and the sequencing data did not indicate any heterogeneity in the bacterial population, but these isolates might possibly have a MIC value lower than the current critical concentration for PZA 100 mg/L (no MIC determinations were performed in this study). [25] The nonsynonymous mutations found in these four samples have been reported earlier and were in a previous paper classified into categories ranging from "Mutations conferring PZA r at very high confidence," "Mutations conferring PZA r at high confidence," and "Mutations not involved in phenotypic resistance." [14] To explain this, one might argue that isolates with MIC values close to the critical concentration are more vulnerable to inter-and intra-laboratory variations which could in turn explain the inconsistent results in these cases.
The results do highlight the need for further studies which determine the MIC values of specific pncA mutations and a more comprehensive knowledge could hopefully contribute to a reduced risk of reporting false PZA resistance in present and future molecular tests.
conclusIons
This study reports a solid correlation between the PZA phenotype and the pncA genotype in Swedish MDR strains and that the prevalence of PZA resistance among these strains has increased since 2003. Contd... Contd... Contd... Contd... 
Supplementary
